• Comprehensive inventory of the karst secondary forest based on a 2 ha large plot enhanced the reliability of biomass estimates.
Introduction
Biomass is a key to understand terrestrial carbon storage and carbon cycle from the local to the regional and global scales. Various methods, such as forest inventory, remote sensing, and vegetation modeling, are used to comprehensively estimate vegetation biomass along with the development of global studies from the mid 1980s and the emergence of regional to global carbon inventory Dixon et al. 1994; Ni et al. 2001 Ni et al. , 2003 Zhou et al. 2002; Powell et al. 2010) . Important and accurate techniques are available to comprehensively estimate site-based biomass in any vegetation area; these methods include biomass predictions based on direct field biomass measurements, such as estimates of aboveground biomass (AGB) and belowground biomass (BGB) through sub-sampling, biomass model, and soil pit methods. These techniques were promoted by the Man and the Biosphere Program and the International Biological Program in the 1960s-1970s. These estimation methods are important to extend local carbon inventory to regional and global scales, validate remote-sensing biomass functions, and parameterize vegetation and carbon models (Luyssaert et al. 2007) .
Forest is the largest vegetated area globally and the largest carbon pool in the global terrestrial carbon budget (Dixon et al. 1994; Schimel et al. 2001) . The biomass of a forest has been intensively inventoried using different methods at various spatial and temporal scales (Lieth and Whittaker 1975; Feng et al. 1999; Luyssaert et al. 2007 ). However, biomass characteristics of some types of forest in remote or certain topographical areas have not been determined yet. For example, mixed evergreen and deciduous broad-leaved forests with a large proportion of deciduous woody plants grow in the karst landscape in tropical and subtropical regions. With its long-term chemical weathering and denudation, karst landscape is known for its high rate of outcrops, shallow soils, water leakage, and heterogeneity of habitats. Karst forests often grow on rocks or in fissures, thereby complicating biomass sampling, especially for roots. Consequently, few biomass studies on karst forests have been conducted compared with studies on nonkarst forests.
Southwestern China -especially the subtropical Guizhou province, Guangxi autonomous region, and Yunnan province -is one of the three major areas worldwide with vast distribution of karst landscape. Biomass models and sub-sampling method have been utilized to estimate AGB of southern subtropical evergreen and deciduous broad-leaved mixed forests in a peak-clump depression karst terrain in southern Guizhou. The results showed that the AGB of this old-growth karst forest was significantly lower than that of other typical evergreen broad-leaved forests at similar latitudes (Yang and Cheng 1991; Zhu et al. 1995; Yu et al. 2002) . Belowground biomass of different vegetation restoration stages at the same site has also been estimated using specific sampling method of digging four soil pits around an averaged sample tree (Luo et al. 2010) , as well as through normal soil pit method with 10 soil pits in a plot (Ni et al. 2015) . These sampling methods revealed higher BGB and root-shoot ratio of the karst forest than that of typical evergreen broad-leaved forests in subtropical China. The total biomass of a forest in a peak-forest plain karst in northwestern Guangxi was considerably lower than that of the karst forest biomass mentioned above. The biomass sharply decreased over time because of human disturbances (Zeng et al. 2007 ). Moreover, biomass models were applied to estimate AGB of plateau-surface-type karst secondary forests in central Guizhou Liu et al. 2013) . The results showed that these forests possessed lower AGB than that of the peak-clump depression karst forests. The total biomass of karst shrub communities in the same area and surrounding regions was measured using sub-sampling (Tu and Yang 1995) . The measured biomass was lower than that of nonkarst shrub in the same bioclimatic zone. The total biomass of various types of vegetation in a trough-valley-type karst area in northern Guizhou was further estimated using biomass models and sub-sampling method (Zhong et al. 2014) ; the results indicated lower biomass than those of the peak-clump depressiontype and plateau-surface-type karst forests. Low ABG and high BGB of karst vegetation could be due to harsh habitats, which constrained the growth of green biomass (Zhu et al. 1995) and led to resource allocation to the roots (Ni et al. 2015) .
Most biomass estimation studies focused on AGB (Yang and Cheng 1991; Zhu et al. 1995; Yu et al. 2002; Liu et al. 2009 ), whereas BGB estimates have been rarely reported (Tu and Yang 1995; Zeng et al. 2007; Luo et al. 2010; Ni et al. 2015) . Belowground biomass estimates were also accompanied with significant uncertainties caused by small sample size in soil pit methods. Furthermore, the biomass of bryophytes and lichens as well as the necromass of woody debris have not been estimated yet. Previous studies utilized field estimates of small plots, ranging from 400 m 2 to 900 m 2 , which could not represent the entire feature of the considerably heterogeneous karst habitats. Biomass estimates based on large plots and high number of belowground samples should be performed.
Karst terrains occupy a large area of ca. 22 000 000 km 2 worldwide, accounting for approximately 14.8% of the global land area (Jiang et al. 2014) . Karst landscape in southern China covers 510 000 km 2 , which is approximately 5.8% of the total land area of China (Jiang et al. 2014 ). Karst vegetation is seriously degraded to shrublands and tussocks because of human activities and intensive land use, resulting in severe rocky desertification, which is a desert-like landscape with exposed rocks. Shrubland vegetation currently occupies 23.4% of the total vegetation area in whole southwestern China (ECVMC 2007) . Natural and even secondary forests are only distributed in several small areas. Karst regions have low biomass, and forest recovery from shrubland exhibits potential to enhance carbon storage (Yang and Chen, 1991; Ni et al. 2015) . Studies on site-based biomass inventory of karst forest in this region should be conducted to precisely estimate the potential of carbon storage in the karst landscape and elucidate the regional carbon budget.
The present study area is a 2 ha permanent plot in a secondary evergreen and deciduous broad-leaved mixed forest in central Guizhou Plateau, southwestern China. All components of biomass (AGB, BGB, bryophytes, and lichens) and necromass (woody debris and litter) were inventoried. The AGB spatial pattern of the forest was also analyzed. This study will provide basic data to conduct a complete inventory of the regional vegetation biomass and carbon storage of rocky desertification areas in karst regions in southern China.
Materials and methods

Study area
Plateau-surface karst morphology is one of the eight karst landscapes in southern China and is mainly distributed in the central Guizhou Plateau. Puding county, located in the watershed between the Yangtze and Pearl Rivers, is one of the representative areas of the region, especially its Houzhaihe River catchment with an area of 81 km 2 . This area is located in the middle subtropical China and controlled by monsoon climates. According to records from the Puding meteorological station from 1961 to 2008, the mean annual temperature of the region was 15.1 °C, with temperatures of 5.4 °C and 22.9 °C in January and July, respectively. The average annual precipitation was 1367 mm, of which more than 70% occurred from May to September. The area was cloudy with an annual average sunshine of 1177 h. The altitude of the Houzhaihe River catchment is between 1100 and 1400 m above sea level, with a relative height of most hills at 100-200 m. Limestone and dolomite, particularly the former, are distributed everywhere in the catchment. Secondary evergreen and deciduous broad-leaved mixed forests are distributed in hill tops with less human disturbances. Degraded shrublands, tussocks, and grasslands are found at the middle and foot of hills. Rice fields are the key land use type in the drainage basin area. A 2 ha (horizontally-projected area) permanent monitoring plot (Fig. 1) at the Tianlongshan site (26°14´N, 105°45´E, 1402-1512 m a.s.l.) represents the vegetation, soil, and karst morphology of the whole Houzhaihe River catchment; this plot was established in 2012 after a complete vegetation survey. This plot almost occupied the entire southern slope of a small hill with a relative altitudinal range of 110 m. The plot was large enough to cover all typical karst vegetation types and soils. The slope was very steep, with an average grade of 31.0° ± 14.0° (visually estimated based on 200 quadrats) and could reach 80°. Limestone outcrops were distributed everywhere, with an average coverage of 44.7% ± 25.8% and reached 98% in several areas. Brown limestone soil, known as "Rendzina" in the FAO soil classification system, was dominant with a shallow depth of 10-80 cm but with relatively rich soil nutrient.
In this typical karst habitat, the evergreen and deciduous broad-leaved mixed forest that grew secondarily from a forest cutting in late 1950s was in the succession stage of subclimax. The height of the tree layer was 6-10 m, with an average diameter at breast height (DBH) of 5.4 ± 4.3 cm and a coverage of 73.1% ± 10.1%. Lithocarpus confinis Huang, Platycarya strobilacea Sieb. et Zucc., Itea yunnanensis Franch., Machilus cavaleriei Levl., and Carpinus pubescens Burk. (All botanical nomenclatures were based on Chen 1982 Chen -2004 were the five dominant species in the study area. Pittosporum brevicalyx (Oliv.) Gagnep, Lindera communis Hemsl., Celtis sinensis Pers., and Ilex corallina Franch. were also common. The height of the shrub layer was generally lower than 3 m, with a coverage of approximately 30%. Stachyurus obovatus (Rehd.) Hand.-Mazz., Rhamnus heterophylla Schneid, Myrsine africana L., and several Zanthoxylum species were common shrub species. The herb layer was generally lower than 50 cm, with a coverage of approximately 20%. The main species were Arthraxon prionodes (Roxb.) Hochst., Senecio scandens Buch.-Ham. ex D. Don, Woodwardia unigemmata (Makino) Nakai, and several Carex species. Lianas and vines were well developed and occupied important niches in the community. For example, Dalbergia hancei Benth. was ca. 10 cm thick and more than 40 m long.
Biomass and necromass estimates
AGB of green vascular plants
We inventoried the entire plot during the summer of 2012 in accordance with the field survey protocol of global forest dynamic permanent plots (Condit 1995) . The plot was divided into 200 quadrats with an area of 10 m × 10 m, each plot was designated as the basic vegetation survey unit. Habitat information, which included slope, aspect, coverage of outcrops and of vegetation, was recorded. All woody plants within DBH ≥ 1 cm were labeled and located (relative positions). Species (Chen 1982 (Chen -2004 , DBH, height (or length), and crown width were also recorded. A subquadrat (2 m × 2 m) was established at the center of each quadrat. Species, height (or length), basal diameter, and coverage of each shrub and liana and vine as well as species, height, and coverage of herbs were recorded. Liu et al. (2009) and Liu et al. (2013) cut 172 and 136 sample trees, respectively, in Tianlongshan and Zhaojiatian site in the same catchment. Biomass models of seven tree and 12 shrub species were finally obtained and used to estimate AGB of most species in the present plot (Table 1) . The biomass models of other tree species that were not mentioned above, and of lianas and vines were obtained from previous studies performed in surrounding regions (Zhu et al. 1995; Deng et al. 2000; Yang et al. 2003; He et al. 2007; Yuan et al. 2009 ). Aboveground biomass of individual trees, shrubs, and lianas or vines were predicted using their respective biomass models (Table 1 ). The total AGB of the plot was the sum of the AGBs of individual woody plants and of herbs obtained from sub-sampling method in the field. Table 1 . Biomass models used for predicting woody species biomass of karst evergreen and deciduous broad-leaved mixed forest in central Guizhou province, southwestern China. Species identification was based on Chen (1982 Chen ( -2004 . The units of biomass, DBH (or basal diameter), and height (or length) in the studies of Liu et al. (2009) , Liu et al. (2013) , and Yang et al. (2003) were g, cm and cm, respectively; those in the studies of Zhu et al. (1995) , Deng et al. (2000) , He et al. (2007) , and Yuan et al. (2009) 
Belowground biomass
A quadrat (20 m × 20 m) close to and with habitat similar to the permanent plot was selected. A total of 25 soil pits, with an area of 50 cm × 50 cm each and 5 m interval in parallel, were dug into the bed rock (ca. 50-60 cm in depth). Soils were sampled at each 10 cm layer by using plastic bags and then washed in the laboratory to remove rocks. Roots in each soil layer were collected and separated into three root diameter classes: coarse root (root diameter ≥ 10 mm), medium root (2-10 mm), and fine root (≤ 2 mm). Fresh roots were weighed and dried in an oven for 48 h at a constant temperature of 85 °C and then weighed again.
Biomass of bryophytes and lichens
The bryophyte biomass was obtained from a karst forest in eastern central Guizhou province (Wang and Zhang 2010) . Five quadrats (1 m × 1 m each) and 10 sub-quadrats (10 cm × 10 cm each) were randomly set up to collect bryophytes growing on rocks, soils, and woods. The total bryophyte biomass was 0.078 Mg ha −1 . Similarly, the lichen biomass was obtained from a 50-year old secondary subtropical forest in central Yunnan province (Li 2008) . Five collection areas (4 m × 4 m each) of lichen litter were established in the forest, and lichen litter was collected once a month. Lichen biomass (0.043 Mg ha −1 ) was estimated by multiplying lichen litter in October by 100.
Necromass of woody debris and litter
Species, height (or length), relative position, and degree of decomposition of all woody debris, as well as DBH for dead standing trees and diameters at two ends for fallen dead woods in the plot, were recorded during the summer of 2013. The necromass of dead standing trees was predicted using their corresponding biomass models (Table 1 ). The necromass of fallen dead woods was calculated as the product of wood density (0.43-0.46 g cm −3 ) measured using 60 randomly selected fallen woods, and their volumes (V l in m 3 ) were calculated using the following equation:
where D l was the diameter of large end of fallen woods, D s was the diameter of small end of fallen woods, and l was the length of fallen woods. Litter at the Tianlongshan site was inventoried by Liu et al. (2011) . Three litter quadrats (40 cm × 40 cm each) were randomly selected in each microhabitat of the karst forest stand, namely, stone groove with richer soil, stone table with limited soil, and soil-rich slope. Litters were sampled at undecomposed, intermediately decomposed, and completely decomposed layers and then weighed after drying. The total litter necromass was estimated to be 8.6 Mg ha −1 , which was calculated based on the weighted area of each microhabitat. This value was further used in the new estimate of this paper.
All biomass and necromass estimates were determined by considering the plot area projection. That is, the 2 ha plot had a non-horizontal projection area of 23333 m 2 . Statistical analyses were performed using Pearson correlation analysis (SPSS 19.0).
Results
The AGB of all trees in the 2 ha plot was 134.6 Mg ha −1 . Five dominant tree species, namely, Lithocarpus confinis, Platycarya strobilacea, Itea yunnanensis, Machilus cavaleriei, and Carpinus pubescens, accounted for 92.4% (124.4 Mg ha −1 ) of the AGB of all trees. The AGB of shrubs and of lianas and vines were 1.8 and 0.9 Mg ha −1 , respectively. Dominant shrubs and lianas and vines (DBH ≥ 1 cm) accounted for 1/3 of the total AGB of shrubs and lianas and vines, although the number of the corresponding individuals was only 1.6% of the total number of individuals. Other AGB components, including herbs (0.4 Mg ha −1 ), bryophytes (0.078 Mg ha −1 ), and lichens (0.043 Mg ha −1 ), were relatively low.
Each individual tree exhibited different AGBs ranging between 0.09 and 1213 kg per individual, and the average AGB of all tree individuals was 18.1 kg. All tree individuals were evenly distributed in the 2 ha plot, resulting in the even spatial distribution of AGB (Fig. 2a) . However, different tree species showed different spatial distributions of their ABG. Lithocarpus confinis and Platycarya strobilacea contained the largest numbers of individuals and the highest AGBs of tree individual (25 and 25.8 kg per individual in average, respectively); thus, these species had the highest AGB in the plot. However, the AGB of Lithocarpus confinis was more (74.0%) distributed at the top half of the plot (Fig. 2b) , whereas that of Platycarya strobilacea was highly (79.9%) distributed at the bottom half of the plot (Fig. 2c) . Itea yunnanensis was less spatially distributed at the top-right corner; hence, the AGB was higher (61.2%) at the bottom and lower (38.8%) layer of the top half (Fig. 2d) . The relatively smaller Machilus cavaleriei (7.8 kg AGB per individual in average) was mostly distributed at the top-left half of the plot and had 60.8% of their total AGB (Fig. 2e) . The AGB of Carpinus pubescens was mainly gathered at the very top-right corner of the plot, where 94.1% of the total AGB was distributed (Fig. 2f) .
Shrubs (DBH ≥ 1 cm) had relatively small AGB (0.079-42.2 kg per individual with an average of 0.81 kg). Shrubs were more distributed at the middle to upper layer of the plot, where higher proportion of shrub biomass was found (Fig. 3a) . Lianas and vines (DBH ≥ 1 cm) had even small AGB (0.067-28.7 kg per individual with an average of 2.1 kg). Approximately 74.9% of lianas and vines and 90% of their AGB were concentrated at the bottom half of the plot, especially for individuals with high biomass at the bottom-left and bottom-right corners (Fig. 3b) . The BGB of the secondary forest growing in the plateau-surface karst terrain was estimated for the first time. The total BGB of the plot was 20.3 Mg ha −1 . Coarse roots had higher biomass (11.0 Mg ha −1 ) than medium roots (5.9 Mg ha −1 ) and fine roots (3.3 Mg ha −1 ). The biomass of coarse, medium and fine roots all decreased with increasing soil depth (Fig. 4) . Approximately 96.4% of the total BGB was distributed in the soil depth of less than 50 cm. More than 70% of total BGB (14.7 Mg ha −1 ) was allocated to the surface soil of 0-20 cm. This characteristic is true for roots in different diameter classes. The biomass of coarse roots with increasing depth (0-40 cm) was higher than that of medium and fine roots but became the lowest value when the soil depth was below 40 cm (Fig. 4) .
The BGB of coarse root in each soil pit ranged from 0 to 19.0 kg m −3 (average = 2.6 ± 3.9 kg m −3 ), whereas those of medium and fine root ranged from 0.3 to 3.1 kg m −3 (average , which was mainly caused by the random distribution of coarse roots. The BGB of each soil pit in the local habitats was not related to the spatial distribution of aboveground woody plants (Fig. 5) and soil pit depth (p > 0.05).
All woody debris in the plot had 9.0 Mg ha −1 necromass, and the litter had 8.6 Mg ha −1 . The aboveground green vascular plants (137.7 Mg ha −1 ) and roots (20.3 Mg ha −1 ) contributed mainly to the forest biomass. Estimated biomass of bryophytes (0.078 Mg ha −1 ) and lichens (0.043 Mg ha −1 ) was very low. In total, the evergreen and deciduous broad-leaved mixed forest in the plateau-surface-type karst terrain of central Guizhou province had 158.1 Mg ha −1 biomass and 17.6 Mg ha −1 necromass.
Discussion and conclusions
The AGB of trees and shrubs in this study (136.4 Mg ha −1 ) was significantly higher than the AGB (65.4-115.2 Mg ha −1 ) estimated by Liu et al. (2009) for the similar site by using the same biomass models (Table 2 ). This variation was mainly attributed to differences in plot area calculation. The plot area in this study was calculated by horizontal projection according to the average slope of the plot. The 2 ha plot was equal to 23 333 m 2 in non-horizontal projection. However, Liu et al. (2009) did not consider such projection (horizontal projection) and still used the small plot area (600 m 2 ) of the original inclined hill slope. Conversely, the AGB of trees and shrubs in this study should be 116.9 Mg ha −1 if we did not consider area projection, which was close to the estimate by . However, the large plot exhibited advantage for accurate estimation of forest biomass.
Forest biomass in different karst morphological types varied to a certain extent. The biomass of green vascular plants of the secondary forest in plateau-surface-type karst terrain in central Yang et al. 2010 Guizhou province estimated in this study was similar to that of trough-valley-type karst forest in northern Guizhou (Zhong et al. 2014 ) and slightly higher than that of peak-forest plain-type karst forest in northwestern Guangxi (Zeng et al. 2007 ). However, the AGB and BGB of the secondary forest in the plateau-surface-type karst were lower than those of primary forests in the peak-clump depression-type karst in southern Guizhou (Zhu et al. 1995; Luo et al. 2010; Ni et al. 2015) . This finding was due to the fact that the former forest was cut off ca. 55 years ago and is currently under the succession stage of subclimax. By contrast, the latter one was in the climax stage with higher DBH and tall trees (Zhu et al. 1995; Ni et al. 2015) , as well as significantly different species composition (Zhang et al. 2012) . Karst forest had lower AGB and BGB (Table 2 ) than the typical evergreen broad-leaved forests in nonkarst region in the same climate zone (Qiu et al. 1984; Chen et al. 1993; Huang 2006; Yang et al. 2010 ). Biomass models have been widely used to estimate forest biomass (Lieth and Whittaker 1975; Brown and Lugo 1982) , but karst forests had limited numbers of biomass models, the majority of which focused on forest plantations (Zhang and Yuan 1988; Ding et al. 2003) . A unified biomass model was established for natural forests and secondary mixed forests to estimate the biomass of all woody species (Yang and Cheng 1991; Zhu et al. 1955; Yu et al. 2002) ; and few biomass models were established for several dominant species Liu et al. 2013) . Previous biomass estimates may present bias with overestimates or underestimates. In this study, we used as many biomass models as possible, for example, the locally available models for major tree and shrub species obtained from previous studies at the same site Liu et al. 2013) , models for species from the same genus or family, models from the same species outside the karst terrain, and unified models from karst or nonkarst terrain but in the same climate zone (Table 1) . Using biomass models from other forest stands outside the large plot could be an alternative choice because the study plot and its surrounding area have been so far protected by the local government. Thus, further cutting of sample trees and more biomass model establishment for more species have been impossible at this forest stand. This limitation might influence the accuracy of biomass predictions for some unimportant species but did not affect the major species and the entire plot.
The necromass of dead standing trees was probably overestimated since wood decay caused loss of necromass before snags (standing dead trees) fell down and the necromass of litter and biomass of bryophytes and lichen were obtained from studies conducted inside or outside the karst forest stand. However, these components had minimal necromass or biomass. Thus, such treatment could not considerably affect the estimate of biomass of the entire plot, although sub-sampling method should be conducted in future studies.
The distribution of woody species in karst forests, which was strongly related to the habitat heterogeneity, was spatially aggregated ). However, the spatial distribution of biomass is not simply determined by the spatial distribution of species. This characteristic could be accurately determined by the spatial distribution of individuals of dominant trees with superior DBH, tall height, and dense wood. This parameter is also strongly related to the high heterogeneity of karst terrain. Rocky microhabitats and shallow soils constrain the tree growth and even further reduce the biomass of tree individuals in some places where tree species are aggregately distributed.
The unique habitats in karst region cause distinct biomasses and distribution patterns of roots between karst and nonkarst forests. Nevertheless, the rocky habitats also lead to the difficulty in obtaining root samples and further limit studies on belowground processes and biomass estimation of karst forests. The soil pit method used in this study is simple and relatively easy to perform; hence, this method could be used to effectively study the BGB of karst forests. However, the BGB variation among soil pits for coarse, medium and fine roots indicated the soil pit method was more accurate for inventorying fine root biomass than that of medium and coarse roots. The BGB and soil depth relationship (Fig. 4) indicated that the spatial pattern of root distribution was extremely complex because of the high heterogeneity of rock-soil landscape in the karst terrain. This characteristic considerably hindered the separation of roots among species and the harvest of entire roots (Ni et al. 2015) . The total BGB could only be obtained and the BGB was likely underestimated in this study. The sampling area and number of soil pits should be considerably increased in future studies to represent the complex habitat heterogeneity and enhance the accuracy of BGB estimate. The soil pit method is further recommended to be used in combination with other methods, such as root coring and allometric equations (Park et al. 2007) .
Forests worldwide sequester atmospheric carbon to biomass through photosynthesis and play a vital role in mitigating global climate change McGuire et al. 1993; Woodward et al. 1995; Schimel et al. 2001) . The karst forest ecosystem in southwestern China is extremely fragile to human disturbances, and rocky desertification often occurred when forests were destroyed (Jiang et al. 2014) . Potential restoration requires a long time, and in most cases, only grass, tussock, and shrub communities, rather than forests, are recovered. Degraded vegetation occupies 52.5% of the total vegetation area in Guizhou (ECVMC 2007) . The biomass carbon in karst terrain of southwestern China could increase substantially if all these vegetations with low biomasses are converted into secondary forests or into climax forests, because biomass increased from degraded vegetation types such as grasslands, tussocks and shrublands to forests (Liu et al. 2013; Ni et al. 2015) . The remarkable carbon storage potential in this region may contribute to the maintenance of regional carbon balance and mitigation of climate change. Site-based biomass estimates in karst vegetation are therefore not only important for providing data to benchmark global and regional vegetation and carbon models (Luyssaert et al. 2007; Kelley et al. 2013 ) but also for regional carbon inventory and vegetation restoration. Planting many trees and recovering numerous karst forests could potentially combat rocky desertification, enrich the local people, and sustain the regional environment in southwestern China.
